A study has been made as a function of temperature of the phase transformation of water and ice in two samples of mesoporous silica gel with pore diameters of ∼50Å. One sample was modified by coating with a layer of trimethylchlorosilane, giving a predominantly hydrophobic internal surface, whereas the unmodified sample has a hydrophilic interface. The pore structure was characterised by nitrogen gas adsorption and NMR cryoporometry and the melting/freezing behaviour of water and ice in the pores was studied by DSC and neutron diffraction for cooling and heating cycles, covering a range of 200 to 300K. Measurements were made for several filling-factors in the range 0.2 to 0.9. The results show a systematic difference in the form of ice created in each of the samples. The non-modified sample gives similar results to previous studies with hydrophilic silicas, exhibiting a defective form of cubic ice superimposed on a more disordered pattern that changes with temperature and has been characterised as 'plastic' ice [Liu et al, 2006 , Webber et al, 2007 . The modified sample has similar general features but displays important variability in the ice transformation features, particularly for the case of the low filling-factor (f=0.2). The results exhibit a complex temperaturedependent variation of the crystalline and disordered components that are substantially altered for the different filling-factors. *
Introduction
The characteristics of liquid water, confined in a mesoporous solid, have become a highly topical area of research. Water can be considered as an essential molecule for life and has properties that are unlike those of any other liquid. The confinement of water in small volumes, such as in living cells, changes its structure and dynamics. At lower temperatures, water can be under-cooled and nucleates with the formation of ice structures that are different from the normal form of hexagonal ice-I h , 1,2 . These effects become especially apparent for confinement in mesoscopic [nm-sized] volumes. Most work has been conducted using solid substrates although there is also interest in water confined in soft matter. Porous silica exists with various well-defined pore sizes, which allows the variation of the geometrical parameters in a controlled and straightforward manner. The solid substrate also enables the water/ice properties to be studied for complete and fractional-pore-filling, using a range of experimental and simulation techniques 3, 4, 5, 6, 7 . The silica surface is essentially hydrophilic in character due to the presence of silanol groups 8 and consequently there is a specific interaction at the interface that influences the behaviour of the water volume in the pore. The modification of the characteristics will depend on the proximity and the length scale for the effects is not yet well defined. As a result, the properties of the confined water phase are found to be dependent not only on the pore size, pore morphology and the fractional-filling but also on the surface density of Si-OH (silanol) groups. It is therefore of interest to modify the surface characteristics and to investigate the properties for water at a more hydrophobic or non-polar interface. The surface silanol density can be reduced by a heat treatment at elevated temperatures, leading to silanol condensation and the formation of Si-O-Si. However, this process is reversible upon re-exposure to water and may also lead to an irreversible and substantial change in porosity 8 . A more convenient way of changing the interfacial features without essentially changing the pore size and morphology is by grafting a layer of co-valently-bonded functional groups onto the bare silica surface. This procedure involves chemical treatment of the silica sample, which, in the current experiments, has utilised trimethylchlorosilane to give a hydrophobic 'methylated' surface. This procedure has been found to be suitable for the samples investigated in this study, giving the least change in pore size 9 . In this first paper we describe the structure of both the non-modified and modified (methylated) silica and the formation of ice upon cooling of confined water in the two different silica materials by using a combination of several techniques. Ice formation in the two materials has been studied for various filling factors. Complementary measurements on the 'non-modified' and 'modified' materials, including N 2 vapour adsorption (GA), differential scanning calorimetry (DSC), NMR cryoporometry (NMR-C) and neutron diffraction (ND), have also been conducted. 2 
Experimental techniques 2.1 Materials preparation
Mesoporous silica gels are available commercially and have an inter-connected disordered network. Silica gel (35-70 µm grain diameter, >99.5% SiO 2 , Grace Davison SI 1404) with a mean pore diameter in the range 50-70Å, was heated in air at 773 K for 5 hrs to remove any adsorbed species and to obtain a moderate degree of hydroxylation. This 'non-modified' material was hydrophobised by dropwise addition of 5.25 ml trimethylchlorosilane ((CH 3 ) 3 SiCl, TMCS, 99% pure, Aldrich) to 8.67 g of silica in a mixture of 50 ml water (doubly-distilled) and 21.6 ml of isopropanol (Aldrich, 99.9% pure), and subsequent refluxed for 30 min during continuous stirring. Prior to the TMCS addition, the material was left in the liquid mixture for 5 min. After modification, the materials were dried, washed three times with water/ethanol and dried in air at 393 K 9 . The untreated silica provides the hydrophilic sample, classed as 'non-modified', and the treated sample with a predominantly hydrophobic interface provides the 'modified' sample material with a methylated surface.
Materials Characterisation: Gas adsorption measurements
Adsorption/desorption isotherms of N 2 (77 K) were determined on a CE-Instruments Sorptomatic 1990. All materials were pre-treated by evacuation below 10 −7 bar at 473 K. Continuous corrections were made for variations in the atmospheric pressure p 0 . The results for both samples are shown in Figure 1a for nitrogen. Surface areas and C-values were determined by BET-3 fits from the N 2 adsorption isotherms 10,11 between p/p 0 =0 and 0.5, according to:
where n in the gas adsorbed at relative pressure p/p 0 , n m is the monolayer capacity of the surface, [units mol.g − 1], C a constant related to heat of adsorption (and thus dependent on the adsorbate-adsorbent interaction) and N the number of adsorbed layers. The area occupied by a N 2 molecule in the completed monolayer was taken to be 0.162 nm 2 (ISO 9277) 12 . Mesopore size distributions and mean mesopore diameters were obtained from BJH fits of the desorption isotherms 13 between p/p 0 =0.35 and 0.9, assuming cylindrical pores. A zero contact angle was assumed between the silica surface and nitrogen liquid in the Kelvin equation used in BJH analysis. Values for the thickness of the t-layer (the film thickness t, due to multilayer adsorption) were used with a dependency on the interaction between adsorbate and adsorbent (i.e. on C), as determined by Lecloux 14 . The total mean pore diameters, (including micropores and assuming cylindrical pore shape) were obtained from the relation 11 : where d p is the pore diameter, v p is the pore volume determined at p/p 0 =0.95 and A is the surface area. In order to compare the pore volumes of the different samples, the isotherms are displayed in terms of volume of adsorbed nitrogen liquid, assuming a density of 0.8086 g/cm 3 for N 2 . The Kelvin equation is used to calulate pore diameter distributions (Figure 1b) , and as expected the modified sample shows a smaller remaining free volume.
Materials Characterisation: Differential Scanning Calorimetry
Differential scanning calorimetry (DSC) has become a standard method for investigating the thermal features of confined fluids. There is a depression of melting point, for the confined fluid, which follows the Gibbs-Thomson relation, which may be written 15 as:
where k GT is a calibration constant that relates to the thermodynamic variables and x is a length/dimension that depends on the pore size. In the present case, the samples are fabricated by the sol-gel route and the pore network is therefore disordered, although a narrow distribution of effective pore sizes is expected as discussed further in Section 3.3. DSC measurements were made for the three hydration levels of heavy water, D 2 O, corresponding to filling factors of f = 0.95, 0.45 and 0.20 (determined gravimetrically), over a temperature range of 293-135 K in cooling and heating mode; the results are shown in Figure 2 . In each case the behaviour of the modified and non-modified samples shows significant variations and there is a large change for the different hydration levels.
For f = 0.90, an initial measurement with a ramp rate of 10K/min revealed a broad exothermic peak in the region of 243K and a second measurement was made with a rate of 2K/min to improve the resolution. The results for the slower rate (for both cooling and heating) are shown in Figure 2a , with an inset for the transition region. The onset of the energy flow is seen to occur at a higher temperature for the modified sample. The unusual shape is indicative of a two-step process and will later be shown (Section 3) to arise from a separate nucleation and growth process. The heating curve reveals a broad endothermic peak that extends over 30K and corresponds to the melting of the ice in the pores. These results indicate a hysteresis effect due to non-equilibrium supercooling of the liquid in the pores, but it is notable that the base line is not flat and that energy flow is occurring over a large temperature range.
The data for the f =0.45 case were taken for a ramp rate of 10K/min and give a single asymmetric profile that represents a phase transition at 241K with an indication of precursor changes at higher temperatures. The main peak position is displaced to slightly lower temperatures relative to that for the f =0.9 case but this may be a consequence of the faster scan rate. Nevertheless, there seems to be a much smaller contribution in the pre-transition region. The heating cycle has a similar shape for the endothermic change but it is notable that the difference in magnitude of the peaks for the different samples is increased for this case.
The f =0.20 case shows two distinct exothermic events. The first peak occurs at a similar temperature to the main peaks for the other cases but the second peak is displaced to lower values for the modified silica relative to the unmodified silica. The origin of this double-transition region is still unclear as it does not correspond to an obvious transition in the ice structure but can be linked to the distribution of partially-filled pores. The endothermic peaks also show considerable variation. They are very broad and the peak for the modified silica again occurs at a lower temperature, the difference in the endothermic peak between the two samples is larger (7K) for this case. It is also clear that the background levels are not flat for any of the samples. The complete set of transition temperatures for D 2 O is listed in 
Materials characterisation: NMR cryoporometry
Nuclear magnetic resonance cryoporometry 15, 16 is a convenient way of determining pore size through an alternative application of the Gibbs-Thomson relation (eqn. 3). A comparison of different techniques for determining porosity suggests that the k GT calibration constant is, as theoretically expected, dependent on pore geometry, but a full understanding of these factors is still being developed 7, 17, 18, 19, 20 . Measurements were made for the modified and non-modified materials using over-filled and partially-filled samples. The amplitude of the NMR signal at time (2τ = 2ms), which defines the quantity of H 2 O in the liquid state, was monitored as a function of temperature for cooling and heating cycles in each case, using temperature scanning rates of 0.1 K.min −1 ; the results are shown in Figure 3 . These data give the pore volumes as 0.684 ml.g −1 (unmodified) and 0.598 ml.g −1 (modified). However a correction needs to be made for the faster relaxation time of the liquid in the pore compared with that of the bulk liquid; the values from both techniques are given in Table 2 . and for a modified partially-filled sample with a filling factor f =0.63; for both cooling and warming ramps.
Using a k GT value of 582 K.Å appropriate to sol-gel silicas, the data can be converted to a pore size distribution function 21 and the results are shown in Figure 4 and Table 2 . The cryoporometry results appear to be more fully resolving the pore size distributions, and a narrower size-distribution is obtained than that from the gas adsorption measurements Figure 1b . A comparison of the pore size and pore volume characteristics determined from the different experimental techniques is presented in Section 4.1. The pore size distribution function for both modified and unmodified samples, determined from the NMRC data of Figure 3 . Also plotted is the calculated distribution due to a surface layer with thickness 1.8Å, with a variance of 1.3. Table 2 : Pore characterisation by N 2 gas adsorption and NMR Cryoporometry. 3 Neutron diffraction measurements for confined water and ice
Experimental procedure
The structural characteristics of the water in the pores can be conveniently studied by neutron diffraction. The measurements were made on the 7C2 diffractometer at the Orphée reactor, Lab. Leon Brillouin (LLB), Saclay 22 . Several different levels of hydration with D 2 O were used for both the modified and non-modified silica samples. The scattered intensity was measured for a 0.7Å incident beam at several fixed temperatures covering a Q-range of 0.1 -16Å −1 . The data were recorded for the normal liquid phase, the under-cooled liquid phase and the crystalline/disordered ice phases, covering a temperature range of 215 to 295 K in both cooling and heating cycles. The temperature ranges for the runs are listed in Table 3 , the actual measurements being made at well equilibrated spot temperatures. The scattering intensities are shown (as a function of Q) in Figure 5 for the 'wet' and 'dry' samples at two different temperatures and also for the cryostat background. The profile for the confined water/ice can be obtained by subtracting the measurement for the 'dry' silica from the measurement for the 'wet' silica. This method does not eliminate the water-silica cross-terms arising from correlations across the interface but still gives valuable information about the general structure of the water or ice formed in the pores. The use of a temperature difference technique provides a route to the observation of structural variations as a function of temperature and is less influenced by systematic errors. 
Filling

Non-modified silica
The diffraction profiles for the liquid and ice phases in the non-modified sample are shown for an intermediate Q-range in Figures 6a and 6b and the cooling and heating cycles for f =0.9 . The pattern for Q>6Å −1 is identical for all temperatures and has a shape that corresponds closely to the molecular formfactor for D 2 O, although there are some deviations that will be discussed in Section 4. In the cooling run ( Figure 6a ) there is a continuous evolution of the peak intensities after the initial nucleation. The corresponding data for the heating run are given in Figure 6b melting of the ice occurring at a higher temperature and therefore confirming the hysteresis effect seen in the DSC data. The onset of nucleation appears to be in the region slightly above 268K corresponding to a Gibbs-Thomson depression of ∼10 K (for D 2 O). The diffraction pattern at this temperature shows the characteristic triplet (1.5-2.0Å −1 ) of hexagonal ice [I h ] superimposed on a diffuse distribution that is similar to the liquid phase at a higher temperature. As the temperature is further reduced, the intensity of the central Bragg peak increases continuously down to 215K, indicating the predominant growth of a cubic ice [I c ] phase. It is also interesting to note that the next peak above this main peak, at 2.36Å −1 , which can be assigned solely to ice-I h , grows initially between 268 and 260K. The intensity does not change at lower temperatures, whereas the other peaks at 2.82, 3.40 and 4.29Å −1 all follow the intensity variation of the central triplet peak. These results suggest a two-stage process in which the initial nucleation event causes a fraction of the water to crystallise as hexagonal ice but the subsequent growth is predominantly in the form of cubic ice. This feature is similar to that observed in the detailed studies of ice nucleation in SBA-15 silica samples with a pore size of 86Å 23, 24, 25 and is discussed more fully in Section 4. It is also clear from the region between the peaks that there is always a significant diffuse scattering component. The region 1.9 to 2.9Å −1 shows a continuous reduction in intensity over the whole temperature range and represents the sequential conversion of a disordered phase to a crystalline one as the temperature is reduced. However, the intensity between the Bragg peaks never falls to zero and is therefore indicative of a remaining disordered phase, even at the lowest temperatures. It is impossible to determine from the diffraction data whether this component is in the form of a deeply-supercooled liquid or has formed a glassy state in which the molecular diffusion has become severely restricted. Other studies by NMR on mesoporous silicas suggest that the relaxation processes are intermediate between the normal liquid and brittle ice such that the term 'plastic ice' has been used to describe this intermediate state 7, 26 . The results for the heating cycle are shown in Figure 6b . The changes in the shape of the diffraction pattern are completely reversible, indicating a reduction of the cubic ice component up to 268 K and the re-emergence of the hexagonal ice triplet peak superimposed on the diffuse scattering component. This feature is surprising as it corresponds to an apparent metastable behaviour in which the proportion of crystalline and disordered material is inter-convertible and is dependent on the absolute temperature and not on the thermal history. The ice eventually melts at a higher temperature to produce liquid water and displays a hysteresis effect as observed in the NMR cryoporimetry data. Another characteristic of the diffraction data, shown in Figure 6 is the behaviour at low-Q values. This region is shown on an expanded scale in Figure 7 and discussed in Section 3.4.
Modified silica
Similar measurements have been made for the modified sample. The basic features of initial nucleation as hexagonal ice at 269 K are reproduced and also the subsequent growth as cubic ice below 258 K. In this case, the hexagonal ice component appears to be much smaller than in the case of the non-modified silica, such that the final profile at 220 K shows a predominant central peak for ice-I c . However, the heating cycle again shows the disappearance of the cubic ice to leave an ice-I h profile at 268 K. The fact that water is readily adsorbed into the modified silica with its hydrophobic interface suggests that complete coverage of the internal surfaces does not occur and that the adsorption process involves an initial formation of water droplets at specific sites in the pore volume. As a result, there will be some water that is in proximity to hydrophilic regions and will behave in a similar way to the non-modified sample. Consequently it would seem from the difference in the ice patterns that the hydrophobic surface promotes the growth of cubic ice rather than hexagonal ice. However, the temperature-dependent characteristics appear to be very similar for both modified and non-modified samples. The low-Q behaviour also has a similar temperature dependence. A more detailed consideration of the structural changes by temperature-difference analysis is deferred until Section 4.2.
Scattering patterns at low Q-values
The asymptotic value of the structure factor, S(Q), as Q approaches zero, is related to the isothermal compressibility, χ T . All the datasets show a systematic change of intensity with temperature in the range 0.5-1.5Å −1 that is indicative of a continuous but gradual reduction of the measured intensity as the temperature is reduced. However, the behaviour at lower Q-values cannot be observed due to the strong SANS signal caused by the small-angle scattering contribution from the mesopore structure. The liquid phase is more compressible than the solid and therefore gives a higher value for the intercept. However, there is no evidence for a sharp change in the level that could be taken as an indication of an abrupt change of state from the liquid to the solid. Although the meaning of χ T in these circumstances may be open to interpretation and the accessible region is not close to Q=0, it seems that the transformation of the liquid to a plastic-ice state exhibits a gradual change as a function of temperature. There is a difference in shape between the non-modified and modified samples, as revealed in Figure 7 , but the higher value could be due to the presence of the thin hydrophobic layer that alters the contrast profile. Further studies using a dedicated SANS instrument are clearly needed.
Analysis and interpretation
Comparison of sample characteristics
Three different techniques have been used to characterise the pore size, namely gas adsorption, DSC and NMRC. The parameters obtained from the experimental measurements are summarised in Tables 1 and 2 Table  1 are consistent. There is a fundamental question relating to the value of the constant, k GT , in the Gibbs-Thomson equation, (eqn 1), with regard to the geometry of the pore 7, 19 . These considerations are too complex to present here and the results quoted in table 2 are based on the assumption of sol-gel-like pore-morphology, for which a value of 582 K.Å for k GT is appropriate 21 . An important discrepancy is apparent between the results for the pore diameters for the unmodified and modified silicas, for gas adsorption (Mean 71.2 and 69.0Å), (BJH 60.9 and 59.6Å) and for NMR cryoporometry ( 53.1 and 49.9Å). Even if there is some uncertainty in the k GT value, this discrepancy is well outside experimental error and requires some further explanation. The two most likely reasons are that a) the geometries of the liquid/vapour interface is different from that of the solid/liquid interface, and b) that the nitrogen gas can enter parts of the pore volume that are not accessible to water molecules. A similar difference has been noted in studies of SBA-15 silicas 7,19,20 and appears to relate to the incomplete filling of the micropores with water. It is, of course, impossible to say how the distribution of nitrogen and water in the pores may differ, as the adsorption is dependent not only on the pore dimensions but also on the molecular size and the interaction with the surface. The NMRC studies are made with an over-filled sample and the extracted quantities of intra-pore and inter-pore water are determined on an absolute scale. However, it is also notable that an NMRC measurement made at a single echo time will tend to under-estimate the correct pore volume due to the T 2 relaxation in the pores being faster than that of bulk liquid; a compensation has been made for this effect but further work is necessary. At this level of accuracy, the comparisons are considerably more complex than can be indicated here.
The calculation of the correct filling-factors relies on the evaluation of the absolute pore volume available to the water. The uncertainties described in the previous paragraph suggest that the true volume is greater than that obtained from the NMRC data but less than that obtained from the nitrogen gas adsorption data. At the time of the experiment only the gas adsorption data were available and an allowance was made for change in volume due to the thickness of the hydrophobic layer. Under these conditions, the filling factors were chosen to be i) 0.90 ± 0.01 and ii) 0.45 ± 0.01 for each of the samples and for the lower filling factors, the values were iii) 0.17 and 0.22 ± 0.02 for the non-modified and modified samples respectively. Although the absolute values are subject to uncertainties, the relative values for the fractional-fillings remain fixed. The f-values listed on the graphs correspond to these values and may be a slight under-estimate of the true values. The small differences are not expected to materially affect the conclusions of the overall investigation and the differences may subsequently be explained in terms of the variation of the k GT value with pore shape, which is not well-defined for sol-gel silicas. Within the uncertainties detailed above, it is pleasing to note that both gas adsorption and NMRC methods give a reasonably consistent value for the difference between the two samples and yield a value of 1.1 ± 0.5Å for the mean thickness of the deposited hydrophobic layer.
Phase transformation and ice formation
The neutron data described in Sections 3.2, 3.3 indicate a two-stage process in the formation of ice for the f =0.9 hydration level. These features can be more directly observed by using the temperature-difference function. Figure  8a shows the change in the diffraction pattern for the temperature range 297K to 260K for both samples. The hexagonal ice component appears to be much smaller than in the case of the non-modified silica. The hexagonal ice pattern is formed by a reduction in the broad diffuse pattern of the liquid phase. In contrast, the difference function between 220K and 260K shown in Figure 8b indicates the growth of cubic ice with a single peak at 1.7Å −1 for the lower temperature region, but with a much bigger component for the modified silica than in the case of the non-modified silica. There is also a reduction of the diffuse component even at the low temperatures For the f =0.45 case, there is no evidence for the formation of hexagonal ice and the temperature difference function provides evidence for cubic ice formation over the whole temperature range. For the 0.2 hydration level, there is substantial diffraction broadening so that distinct ice peaks are not observed but the difference function still shows a conversion from the disordered phase to a more ordered phase as indicated in Figure 9 . The different features arising from variable hydration allow some additional conclusions to be drawn:-
f=0.90
The hexagonal ice is presumably formed at the centre of the almost fully-filled pores 23 . As the temperature is reduced the liquid/glass phase around the central crystallite converts to cubic ice in both samples, leaving a liquid-like layer at the interface which does not crystallise. In effect the central core of ice expands radially as the temperature is reduced and it is not sensitive to the nature of the interface.
f=0.45
At lower temperatures (∼220K) it is unlikely that the molecules are mobile so this component is expected to be in the form of an amorphous or brittle ice phase. Figure 10 shows the data for the non-modified sample at 200K and 220K with the difference function shown below. It is clear that there is no change in the structural features and therefore any residual motion of the water molecules has been suppressed. This is consistent with the NMR relaxation results, where the relaxation times of the interfacial layer tend towards that of the brittle crystal 7, 26 . The diffraction patterns for the f =0.45 case are shown in Figure 11a and 11b for several temperatures. At temperatures of <245K there is evidence of a single main peak corresponding to cubic ice for both samples. These features are in agreement with the DSC data that show a single transition with a peak at 241K although there is an indication of some pre-cursor conversion at slightly higher temperatures that probably reflects the distribution of pore sizes. There are changes in the height of the peak as the temperature is further reduced to 220K and it seems that the crystalline component forms more readily in the non-modified sample. This difference is apparent from the comparison of the heights of the main Bragg peak and the reduction in the levels of the diffuse scattering component in the 2.0 to 2.5Å −1 region. Three additional peaks occur at larger Q-values but they are of much lower intensity and appear to be sitting on top of a broad distribution that closely corresponds to the molecular formfactor for the isolated D 2 O molecule. The neutron results therefore indicate a single phase transition with the formation of cubic ice from super-cooled water, although it is spread over a wide temperature range.
f=0.20
The temperature variation data for the f =0.2 case show an unexpected change in the overall scattering intensity that is systematic across the whole temperature range and seems to correspond to a constant level (i.e. independent of Q). However, the puzzling feature is that the variation with T is in the opposite direction for the two samples. The results are shown in Figure 12a and b, and in more detail for the low-Q region (<6Å) in Figure 13a and b. The reduction in temperature gives an increase in the overall level for the non-modified silica and a decrease in the level for the modified silica. The possibility of loss of water from the sample volume illuminated by the incident beam can be ruled out as this would lead to a change in the high-Q diffraction profile that would be related to the molecular form-factor and easily seen in the difference function. Therefore, the only possible explanation for this effect rests with the inelasticity effects in the scattering process. As the interference terms do not seem to be affected, the temperature-dependent behaviour must arise from the spinincoherent and coherent self-terms in the cross-section and refers primarily to the dynamic characteristics of the deuterium nuclei. The inelastic corrections to structure factor measurements were originally discussed by Placzek 27 for monatomic liquids and subsequently adapted to molecular liquids by Powles 28 . The case of D 2 O has received particular attention 29 . A full expression for the scattering cross-section requires the inclusion of an effective recoil mass for the scattering centres so that the observed variations imply that there is a significant change in the effective recoil of the deuterons. The cross-section is higher for the limiting condition of the 'bound atom' case and lower for the 'free atom' case. The results therefore suggest that the reduction in temperature leads to the deuterons becoming 'less bound' in the case of the non-modified silica and 'more bound' in the case of the modified silica. At first sight it would seem likely that the interfacial water for both samples would become more 'bound' as the temperature is reduced due to the loss of thermal excitations and a reduction of both rotational and translational motion. However, there will also be a difference in the hydrogen bond connectivity and a related change in the density profile close to the interface so that the behaviour is not predictable on a simple basis. As most of the molecules are close to the interface, this result indicates that the differences that may relate to changes in the local hydrogen bonding or a possible variation in the density profile close to the interface that influences the dynamics. In the case of the non-modified silica, the first layer of water molecules will be primarily bonded to siloxyl groups, whereas, in the case of the modified silica, the water molecules will be oriented to make hydrogen-bonds within the water/ice layer. There is clearly a need to investigate this effect further by direct spectroscopic measurements, either by quasi-elastic neutron scattering or nuclear magnetic resonance. Some studies have been reported for under-cooled water in Vycor 30 and related work at protein interfaces 31 suggests that it is the rotational motion that is responsible for this variation, which is consistent with the formation of plastic ice 26 . Figure 13a and b also show some variations in the diffraction profiles between the two samples. The Bragg peak at 1.7Å −1 is slightly more intense for the non-modified silica showing that there may be a larger proportion of ice for this case at 220K. At 240K, this peak is already developed for the nonmodified silica but still shows a broad asymmetric peak of lower intensity for the modified-silica sample. Both of these changes occur in a temperature region that is just below the main peak of the DSC data [ Figure 2 ] and above the temperatures of the secondary peak where there is also a displacement to lower values for the modified sample relative to that of the non-modified sample.
A close examination of the shape of the low-temperature curves in the region beyond the main peak suggests that there is a broad peak at 2.8Å −1 and a small dip at 3.2Å −1 . Although the accuracy is limited by the statistics, this effect seems consistent for several datasets and is clearly different for the behaviour of the water/ice in the f =0.45 case. This shape is reminiscent of the diffraction pattern for low-density amorphous [lda] ice, which is shown in the Appendix. The shape of the main peak also seems to have an asymmetric profile that is skewed in the opposite sense to that arising from the defective cubic ice formation. Since the DSC measurements show a double transition, it seems probable that lda-ice is present at the interfacial layer and is more easily created for the non-modified sample, as indicated by the different shapes shown in Figure  13 . This view is supported by the complete absence of higher order Bragg peaks that are clearly seen in Figure 11 for the f =0.45 case. Consequently, there seems to be a clear signature for a direct conversion of under-cooled water to an amorphous ice form. A more recent study with a higher Q-resolution has confirmed this conjecture. 
Composite ice structure
The neutron diffraction data indicate that the ice formed inside the pores is a complex mixture of crystalline phases with characteristics of hexagonal and cubic ice, with a diffuse scattering component that could result from a defective crystalline state but is more likely to be due to the presence of a separate disordered state that relates to an amorphous network structure. The relative proportions of these independent phases are strongly temperature-dependent and the structural features seem to show reversibility on the cooling and heating cycles. NMR relaxation studies 7, 26 on ice in several different forms of silica have shown that the proton mobility is intermediate between that of bulk water and that of brittle ice. Both these NMR relaxation studies and prior NMR pulsed field gradient (PFG) studies in similar systems 32, 33 suggest that this motion is predominantly rotational rather than translational. As the temperature is reduced, the relaxation process changes gradually without any obvious discontinuities once the initial nucleation has occurred. The faster dynamics are believed to be primarily due to changes in the rotational freedom arising from the creation of a more hydrogen-bonded local environment. The term, 'plastic crystal' has been used to describe this state, in analogy with other crystals that have well-defined lattice structures with disorder imposed through the variation of angular correlations. The diffraction pattern for these rotationally-disordered structures has a number of strong Bragg peaks at low and intermediate Q-values but they become rapidly attenuated at higher Q-values due to a large effective Debye-Waller factor; a typical example is cyclohexane 34 . These features are most clearly seen above 6Å
−1 , where all the Bragg peaks disappear to leave an oscillatory pattern that resembles the molecular form-factor of the isolated water molecule
The properties of the ice also seem to depend on the filling-factor. Hexagonal ice is only created when the pores are fairly full and during the initial stages of nucleation. Furthermore, it seems that it originates in the centre of the pore where the water characteristics are least influenced by the proximity to the interface. This process presumably arises when a small proto-crystallite begins to increase in size and there is some uncertainty in the establishment of definitive lattice directions for growth. Under these circumstances, it would seem that there will be many stacking faults in the crystal as a regular 'abcabc' or 'ababab' sequence would not have become established until a larger size had been achieved. It is noticeable that studies of cubic ice in the bulk phase 35 never seem to give a single central peak as predicted from the ideal structure factor. They also show that the various models of the defects lead to broadened peaks that can be well fitted to the experimental measurements. However, the profiles do not exhibit the diffuse scattering features seen in the data for the confined ice of the present measurements so that a separate explanation is needed for the presence of this component. Similar observations have been made in higherresolution studies with SBA-15 mesoporous silicas 24,25 where a broad peak has been extracted from the composite profile and identified as an intermediate density form of amorphous ice.
The diffraction profile for low-density amorphous ice 36 is presented in the Appendix. It is well known from other studies 1 that as the temperature is reduced for the liquid phase there are significant changes in the diffraction pattern that become progressively larger as the water is super-cooled down to 240 K. The main diffraction peak becomes displaced towards 1.7Å −1 , which is also the position for the central peak of hexagonal ice and the main peaks for both cubic and lda ice. Consequently, the position of this peak in the present data does not give any discrimination of the type of ice that has been formed. The infor-mation can only be extracted from the rest of the diffraction profile and this is obviously difficult in the present case because the peak widths are also affected by diffraction broadening arising from the distributed nature of the water/ice volume. Within a reduced sample volume, it becomes impossible to differentiate between a liquid and a glassy state. However, there are some possible indicators in the present data.
The almost universal presence of a defective cubic-ice form for studies of ice formation in confined volumes of mesoscopic dimensions implies that there is some process that inhibits the growth of a full lattice with this structure. Johari 2 and Guillot 37 have commented on the energy criteria that may favour the formation of cubic over hexagonal ice but why the cubic form is apparently so dominant for ice formation in confined geometry is still not understood.
For the low filling-factor of 0.2, a uniformly distributed water layer would be expected to have a thickness of only 7Å corresponding to several molecular layers. Under these circumstances the diffraction pattern would be expected to show significant diffraction-broadening effects due to the restricted crystal dimensions. However, the measurements at 220K shown in Figure 13b indicate that a well-defined state is created with one clear peak. It is possible that the crystallite size is larger due to extension along the pore axis or even that larger clusters of water droplets can bridge the pore diameter. In the case of the hydrophilic sample, it can be assumed that the water wets the surface, although the distribution of the water volume may be influenced by the surface density of the surface siloxyl groups. Consequently, the imposition of a regular periodicity along the interface can only be achieved by negating the influence of the randomly-distributed H-bond sites. It is interesting that the same features are also observed for the hydrophobic sample where it would be expected that the water layer would not necessarily have a connected uniform layer. It is commonly believed that there is a thin layer of water or disordered water/ice that is 'in contact' with the interface and is 'unfreezeable'. The present studies indicate that a three molecule thick layer is actually in a condition of enhanced rotational motion ("plastic ice") but can convert to brittle ice if the temperature is low enough although the temperature for the formation is different in the hydrophilic and hydrophobic surface cases.
Summary and futher work
It is clear from the preceding sections that the behaviour of water and ice in contact with hydrophilic and hydrophobic interfaces within a mesoporous solid is quite complex. However, the use of several different experimental techniques has provided a complementary approach that has enabled some important conclusions to be reached. In this work data from similar fillings are compared in the same silica with both modified and unmodified surfaces, and thus it is believed it is possible to elucidate the changes due to the alteration in the surface properties.
There are other ways in which water in contact with a hydrophobic interface can be investigated. One of these is to use carbon nanotubes, as the water is readily adsorbed into the interior of the tubes. However, the pore diameters are usually much smaller and there is also the possibility of water being present on the outside of the nanotubes. However, current on-going studies 39,39 with carbon nanotubes of ∼30Å reveal that the water properties are found to be quite distinctive and considerably different from the results obtained in this current study.
Some features are similar to those already seen in other work on templated mesoporous silicas 23, 24, 25, 26 . However, some new results have also been obtained, particularly in relation to the use of the modified sample with a hydrophobic interface:-
• the partially-filled samples display significantly different phase transformations:-(a) for the 'almost full' samples with f =0.90, there is an initial formation of hexagonal ice followed by growth of cubic ice at lower temperatures, (b) for f =0.45, there is a single transition corresponding the formation of cubic ice -the hexagonal ice phase is not seen, (c) for f =0.20, there is a double transition and the diffraction peak is broadened compared with the other cases -the two samples have a different behaviour with respect to temperature and this is probably due to a difference in the distribution of the water/ice within the pore volume and at the interface.
• A molecular layer consisting of only three molecules on the internal surface of either sample, for f =0.2, appears to form a glassy state when the temperature is reduced to 240K for the non-modified case and 220K for the modified case. At lower temperatures, this state converts to a defective crystalline state.
These new results can be explained in terms of different processes that are critically dependent on the amount of water in the pore volume and the associated connectivity of the droplets. The systematic change with the pore filling-factor can be rationalised in the following terms:-
• for high filling-factors (f∼0.9), the nucleation begins at the centre of the pores and is predominantly hexagonal ice but at lower temperatures the growth phase is entirely in the form of cubic ice which increases at the expense of a disordered form of ice; in effect the central core of ice expands radially as the temperature is reduced
• for intermediate filling factors (0.4<f<0.6), there is no hexagonal ice in the core region to initiate a phase change and a lower temperature is required to create nucleation at the air-water interface; this ice does not contain any hexagonal form and subsequently grows as cubic ice
• for low coverage conditions (f∼0.2) the water layer thickness is small and corresponds to only a few molecular layers if distributed uniformly on the surface: in this case, the strong difference in the behaviour as a function of temperature for the two samples is probably related to the connectivity of the water volume, and both systems produce a disordered or glassy phase at low temperatures.
There are obviously many unanswered questions that remain and further work is continuing to try to unravel the complexities that have been observed. A second paper with additional measurements on the same samples is in preparation 40 . In addition further studies of these and other porous silicas are continuing, comparing NMR cryoporometric measurements with those by a range of other techniques including gas absorption and small angle neutron scattering 38 . Although the present study has adopted an essentially 'chemical physics' approach to these characteristics using synthetic mesoporous materials, there are many aspects of liquid behaviour and ice nucleation in confined geometry that relate to other disciplines. These topics include aspects of water structure at protein interfaces, in bio-membranes and other disciplines such as geological rock structures, glaciology and perhaps, even astro-chemistry. There are also commercial interests relating to cryo-protection, filtration and controlled delivery of chemicals.
oscillatory structure in the region of 2.5-3.5Å −1 . The structural features are well represented by a model based on a random fourfold-co-ordinated network of tetrahedral hydrogen bonds 41 . This form is sometimes regarded as the limiting case of water at low temperatures where there is complete connectivity and the diffusional motion has effectively been 'frozen' 42 . At a temperature of 140 K, the lda-ice converts to a defective form of cubic ice that subsequently transforms to hexagonal ice at a much higher temperature. For many years it was thought impossible to create amorphous ice directly from the liquid phase but this was achieved in 1991 by Mayer and colleagues 43 using a hyper-quench technique. It is accepted that the lda-form is a well-defined amorphous state of ice although there is still considerable controversy over whether a single high-density form exists or whether there are actually many metastable states produced by different fabrication routes. 1. Nitrogen adsorption/desorption for non-modified and modified mesoporous silica samples.
